Background. Stereotactic radiotherapy (SRT) is expected to have a less detrimental effect on neurocognitive functioning and health-related quality of life (HRQoL) than whole-brain radiotherapy. To evaluate the impact of brain metastases and SRT on neurocognitive functioning and HRQoL, we performed a prospective study.
In recent years, treatment with stereotactic radiosurgery and stereotactic radiotherapy (SRT) as an alternative or addition to whole-brain radiotherapy (WBRT) has gained interest, especially in patients with 1 -3 small brain metastases and relatively good prognosis. 10 Because in SRT a high dose of focal irradiation is delivered to the tumor, while irradiation to healthy brain tissue is minimized, it is expected to have fewer (longterm) side effects on cognition and functional outcome than WBRT, 11, 12 while overall survival (OS) is comparable. 13, 14 Conversely, tumor control outside the initial site has been found to be worse in patients treated with SRT alone compared with SRT combined with WBRT, 14 with brain tumor recurrence probably resulting in cognitive deterioration. 15, 16 Up to now, data on the impact of SRT on neurocognitive functioning and HRQoL have been scarce. Previous studies suggest some (transitory) decline in neurocognitive functioning and an increase in self-reported cognitive dysfunction in the months after SRT. 5, 16, 17 HRQoL scores after radiotherapy, including SRT, may further deteriorate, stabilize, or improve. 6,18 -20 However, small patient samples, the use of inappropriate measurement tools, the absence of preradiation treatment assessment, and short follow-up periods hamper the interpretation of results and subsequently limit their ability to inform clinical decision making.
As preservation of neurocognitive functioning and HRQoL in patients treated with SRT is essential, we set out to investigate the impact of SRT on these outcomes prospectively in a cohort of patients with 1 -3 brain metastases. In addition, we investigated the impact of several other factors that could potentially influence neurocognitive functioning and HRQoL in these patients.
Materials and Methods

Patients and Procedure
Consecutive adult patients scheduled to undergo SRT for 1 -3 brain metastases, with a maximum diameter of 4 cm per metastasis, were recruited in the Medical Center Haaglanden, a tertiary hospital in The Hague, the Netherlands, between January 2009 and February 2012. Exclusion criteria were: prior treatment of brain metastases, including resection; Karnofsky performance status (KPS) ,70; and insufficient command of the Dutch language. Baseline assessment was carried out in the week preceding SRT, and follow-up assessments took place 1 month (only HRQoL) and 3 and 6 months after SRT. The study protocol was approved by the medical ethics committee of the institution. All patients gave written informed consent.
Treatment and Follow-up Schedule
In all patients, the gross tumor volume was contoured on a T1-weighted contrast-enhanced MRI, the clinical target volume was equal to the gross tumor volume, and the planning target volume (PTV) was created by 3D expansion of the clinical target volume with 2 mm. Metastases with PTV ,8 cm 3 received 21 Gy and metastases with PTV of 8-13 cm 3 received 18 Gy, both in a single fraction, whereas metastases with PTV .13 cm 3 and metastases near the brainstem were given 24 Gy in 3 fractions of 8 Gy. From 1 day prior to SRT to 7 days after SRT, patients received corticosteroids (dexamethasone 16 mg/d), which were gradually discontinued afterward.
Follow-up MRI scans were made 1, 3, and 6 months after treatment. As for brain metastases no standard criteria are available for defining response to treatment 21 , we used the criteria of Lin et al. 22 Partial response was defined as ≥50% reduction in the total volumetric sum of contrast-enhancing lesions, and intracranial progression as ≥40% increase in the total sum of enhancement of tumor volume, or the presence of any new contrast-enhancing lesions visible on MRI. 22 In case of progressive disease during the study period, patients stayed in the study provided they underwent renewed SRT. Patients treated with WBRT because of progression, or with no further tumor treatment, were no longer assessed.
Neurocognitive Functioning
Neurocognitive functioning was assessed with a comprehensive test battery consisting of validated neuropsychological tests covering a wide range of neurocognitive functions found to be affected in brain tumor patients and sensitive to subtle changes over time 23 -25, 47 -51 (Supplementary Table S1 ). Test scores were combined into 7 compound neurocognitive domain scores: verbal memory, visual memory, working memory, attention, information processing speed, executive functioning, and visuoconstructive abilities. Patients' performances on verbal memory, attention, information processing speed, and executive functioning were compared with healthy controls, 26, 27 who were individually matched to the patients with respect to age, sex, and educational level. 28 For working memory, visuoconstruction, and visual memory, published norms were used, 29, 30 correcting for age and education. Individual test scores of patients were converted into standardized z-scores with use of means and standard deviations of controls on that test. We calculated domain summary scores at each assessment.
Health-Related Quality of Life
We assessed HRQoL with the European Organisation for Research and Treatment of Cancer Quality of Life Questionnaire C30 (EORTC QLQ-C30) and the EORTC QLQ -Brain Cancer Module (QLQ-BN20). 31, 32 The EORTC QLQ-C30 is a generic questionnaire, while the QLQ-BN20 assesses issues relevant for brain cancer patients. Both questionnaires showed good psychometric properties. Scores were transformed into standardized scores ranging from 0 to 100. For global health status/QoL and functional scales, a higher score means better HRQoL. For symptom scales and BN20 scales, a higher score indicates more symptoms. Based on functions previously found to be relevant for brain metastatic patients, 18 we selected 7 HRQoL scales for the primary analysis, including global health status/ QoL; physical functioning; role functioning; emotional functioning; self-perceived cognitive functioning; motor dysfunction; and communication deficits. The remaining HRQoL scales were analyzed on an exploratory basis. Scores on the QLQ-C30 were compared with reference data. 33 Fatigue was assessed with the Fatigue Severity Scale, 34 including questions on the occurrence and severity of fatigue and its impact on daily life. The total score ranges between 1 and 7, with a score of ≥4 indicating moderate to severe fatigue. 35 
Statistical Analysis
For each cognitive domain, we considered an individual z-score of ≥1.5 SD below the mean of healthy controls as clinical significant impairment. 23 Differences in sociodemographic and clinical characteristics between patients who completed follow-up and patients who dropped out were tested using the x 2 test for categorical data and Students' t-tests or the ]), and baseline KPS. In line with previous studies on brain metastases, 4, 36 we compared patients with KPS , 90 with those with KPS ≥ 90. Linear mixed models were used to analyze neurocognitive functioning and HRQoL over time (unadjusted for possible confounders), as well as separately for patients categorized into high (≥90) and low (,90) baseline KPS, tumor volume (large/medium/small), and presence of active systemic disease. In linear mixed models, contrary to a complete-case analysis, data of all patients at each time point are included in the analysis by imputation of missing data. This sophisticated method of multiple imputation depends on fitting a specific covariance structure, which assesses the correlations among the different measurements at different time points.
The influence of treatment response was analyzed by comparing (i) the difference between the neurocognitive and HRQoL scores at time of progression and the patient's own baseline score with (ii) the difference scores of patients without progressive disease, using an independent samples t-test. Statistical analyses were performed with SPSS version 20.0 software. The level of significance was set at P , .05.
Results
Patient Characteristics and Survival
Baseline sociodemographic and clinical characteristics of the study population are presented in Table 1 . Ninety-seven patients (mean age, 63+11 y) were included prior to SRT treatment. The most frequent primary tumor site was lung (50%). In 19 patients (20%), brain metastases were the first presentation of cancer. In 5 patients, the planning MRI scan showed a fourth metastasis, which was in all cases small (,0.5 cm 3 ). Despite this fourth metastasis, we included these patients in our study.
Median OS was 7.7 months (interquartile range: 8.1). Oneyear survival rate was 30%. Median OS was significantly shorter for patients with baseline KPS , 90 compared with KPS ≥ 90 (5.3 vs 11.1 mo, P ¼ .003) ( Supplementary Fig. S1 ) and for patients with large compared with medium or small tumor volume (4.5 vs 10.4 vs 7.7 mo, P ¼ .042). Number of brain metastases and active systemic disease at baseline were not associated with survival (5.5 mo for 1 metastasis vs 8.2 mo for .1 metastases, P ¼ .437; 8 mo for no active systemic disease vs 7.2 mo for systemic disease, P ¼ .737).
During follow-up, intracranial progression was observed in 47/90 evaluable patients (52%), in 27 patients solely due to new enhancing lesions without increment in initial tumor volume. Seventeen of 47 patients (36%) had progression at more than one follow-up moment. For progression, 13 patients were treated with WBRT and 7 with renewed SRT. Reasons for no salvage therapy being initiated were poor physical condition, progressive systemic disease, and the consideration of intracranial progression to be the result of radiation (ie, pseudoprogression). Twenty-five of 90 patients (28%) had at least a radiologically partial response (≥50% decrease in total tumor volume).
Active systemic disease was present in 52/97 (54%) at baseline, in 52/84 (62%) at 1 month, in 42/70 (60%) at 3 months, and in 27/45 patients (60%) at 6 months. Of the patients with systemic disease, between 25% (13/52, at baseline) and 52% (27/52 at 1 mo; 22/42 at 3 mo; and 14/27 at 6 mo) received chemotherapy. Patients with systemic disease at baseline did not significantly differ from patients without systemic disease according to age, KPS, or tumor volume. Use of corticosteroids declined during the study period: from 91% at baseline to 56% at 1 month, 44% at 3 months, and 36% at 6 months. Because of the occurrence of one or more epileptic seizures, about 25% of patients received prophylactic anti-epileptic drugs (AEDs) on daily dosage during follow-up.
Compliance
Compliance during follow-up was at least 70% for HRQoL and 53% for neurocognitive assessments (Table 2) . Reasons for noncompliance were poor neurological or physical condition, refusal because testing was considered too burdensome, and 
Neurocognitive Functioning
Baseline
Preceding SRT, 53% of patients had an impairment in at least one neurocognitive domain. The most frequently affected domains were verbal memory (33%) and visuoconstruction (22%). Neurocognitive domain scores of patients were significantly worse compared with healthy controls for verbal memory, attention, working memory, executive functioning, and visuoconstruction (Table 3) 
Over time
Over 6 months time, neurocognitive domain scores did not significantly change (Fig. 1) . Verbal memory showed a nonsignificant trend toward improvement (mean change 0. 
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Progression
An association between neurocognitive functioning and intracranial changes was found only for executive functioning:
patients who had radiological partial response improved, while patients with stable or progressive disease deteriorated (mean 0.43 vs 20.29, P ¼ .032). Other neurocognitive domain 
Health-Related Quality of Life
Baseline
Compared with the general population, 33 scores on all preselected HRQoL scales were significantly lower in patients at baseline, with lowest scores in role functioning. All differences were clinically relevant. Baseline HRQoL scores were significantly lower in patients with KPS , 90 compared with KPS ≥ 90 ( Table 4) . Similar results were found for exploratory HRQoL items (Supplementary Table S2 ). Presence of active systemic disease did not result in lower HRQoL scores; indeed, physical functioning and global health status/QoL were even higher than in patients without systemic disease (mean 76 vs 61, P ¼ .008 and 72 vs 62, P ¼ .038, respectively). Tumor volume and number of metastases did not affect baseline HRQoL (data not shown).
Over time
At group level, patients worsened significantly and clinically in physical functioning (mean change 214, P ¼ .027) and fatigue (mean change 0.93, P ¼ .009) over 6 months time, while other HRQoL scores did not change significantly (Fig. 2) . Mean HRQoL scores over time were significantly lower for patients with baseline KPS , 90 compared with patients with KPS ≥ 90 for physical (54 vs 74, P , .001), self-perceived cognitive (75 vs 85, P ¼ .029) and role functioning (46 vs 70, P , .001), motor dysfunction (21 vs 9, P ¼ .006), and fatigue (37 vs 29, P ¼ .015). Large tumor volume resulted in lower mean scores of physical (48 vs 66 vs 70 for large, medium, and small volumes, respectively; both P , .05) and self-perceived cognitive functioning (70 vs 84 for large and medium volumes, P ¼ .045, 78 for small volumes) over time. Number of metastases and baseline systemic disease did not influence HRQoL scores of the preselected scales over time.
Exploratory analyses ( Supplementary Table S3) showed that at group level, patients experienced significantly more nausea and appetite loss and were more bothered by hair loss over time. Patients with KPS , 90 had more fatigue, pain, visual disorders, and drowsiness than patients with KPS ≥ 90. The presence of systemic disease was associated with more nausea and appetite loss (mean scores, nausea: 10 vs 5.9, P ¼ .043; appetite loss: 18 vs 6.8, P ¼ .015) compared with no systemic disease. Tumor volume and number of metastases did not influence exploratory HRQoL items/ scales (data not shown).
Progression
Overall, patients with intracranial progression deteriorated in preselected HRQoL scales, while patients without progressive disease showed less profound deterioration or even improvement at follow-up (Supplementary Table S4 ). However, a significant difference between patients with progressive disease and those with stable disease/partial response was only found for motor dysfunction (mean change 7.7 vs 210, P ¼ .006), Scores .10 are rounded. Differences between total patient group and reference data are all significant (P , .05).
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while role functioning showed a trend (mean change 215 vs 0.2, P ¼ .084). For exploratory scores, no differences between patients with and without intracranial progression were found. Although the use of corticosteroids resulted in lower HRQoL at different time points, there was no significant deterioration over time. 
Discussion
We found that newly diagnosed brain metastases patients suffer from moderate impairments in HRQoL and neurocognitive functioning prior to SRT. Of note, up to 6 months after SRT, overall neurocognitive and HRQoL scores remained relatively stable at group level and did not further deteriorate. To our knowledge, this is the first study in which neurocognitive functioning and HRQoL have been comprehensively and prospectively examined in a relatively large group of patients treated with SRT only. Overall survival in our study was comparable to survival after WBRT, as well as to other studies on SRT. 36, 37 Regarding neurocognitive functioning, we found 53% of patients to have at least some neurocognitive impairment at baseline. In earlier studies, 67% -80% of brain metastatic patients had neurocognitive impairments before any radiotherapy. 5, 38 These differences might be explained by the fact that other studies included patients who were scheduled to undergo WBRT 38 and used different neurocognitive tests. 5, 38 Also, we combined test scores into domain scores, resulting in loss of information. Nevertheless, mean neurocognitive domain scores in our study were similar to scores observed in earlier studies, with memory as the most frequently impaired domain. 5, 39 We also observed a relatively frequent impairment in visuoconstructive abilities, which may impact spatial orientation in daily life. It may therefore be relevant to include these measures in future neurocognitive assessments.
The observation that neurocognitive functioning remained relatively stable up to 6 months after SRT is in line with a few earlier (pilot) studies in brain metastatic patients 5,40 -42 and with more comprehensive studies on long-term neurocognitive functioning after stereotactic irradiation for other intracranial lesions-for example, cerebral arteriovenous malformations. 43 Also, patients treated with SRT alone were found to have lower risk of deteriorating in learning and memory 4 months after treatment (24%) than SRT plus WBRT patients (52%). 39 Comparable results were observed in a recent trial by Brown et al, 44 in which cognitive decline 3 months after treatment was more frequent in patients receiving SRT plus WBRT compared with SRT alone, despite better intracranial tumor control with the addition of WBRT. A decline in Mini-Mental State Examination (MMSE) is mainly found at recurrence. 16 Even though we used instruments more sensitive to change than the MMSE, 45 we did not find an association between brain tumor progression and neurocognitive decline, except for executive functioning, which deteriorated in patients with stable or progressive disease and improved in those with partial response. Perhaps our patients did not deteriorate because they often developed only small new lesions. Surprisingly, we found that information processing speed and visuoconstruction were more severely impaired over time in patients without than in patients with active systemic disease at baseline, while clinical characteristics and overall condition of patients with systemic activity did not differ from those without active systemic disease.
Baseline HRQoL outcomes in our study are comparable to the results of earlier studies evaluating radiotherapy in brain metastatic patients. 18 -20 This implies that patients with brain metastases are impaired already at onset in all facets of daily life, including physical and mental functioning. Some aspects of physical functioning, including nausea and fatigue, were augmented during follow-up, probably related to systemic disease or chemotherapy. Despite treatment and disease-related symptoms, most functioning scales and global health status/ QoL remained stable over time, which is in line with previous results. 18, 42 This might be explained by the occurrence of a "response shift," or adaptation of the patient to increased symptoms and a recalibration of priorities. 9 Two other studies on HRQoL in patients with brain metastases showed either improvement or deterioration of HRQoL within 3 months after radiation compared with baseline. 19, 20 However, in both studies, only a minority of patients received SRT alone. The robust association between intracranial progression and HRQoL decline found in glioma patients e.g. Ref 46 might be less clear in brain metastatic patients, as we only found a significant and clinically relevant deterioration for motor dysfunction in progressive patients, while patients with stable disease or a partial response improved. Similarly, in a previous study on brain metastases, no association between intracranial recurrence and worsening of HRQoL was observed. 18 Perhaps this lack of association might be related to the occurrence of pseudoprogression, or because close monitoring with MRI resulted in early detection of new small, and therefore asymptomatic, lesions.
We found that KPS and brain metastatic volume, but not number of metastases, were associated with survival, neurocognitive functioning, and HRQoL, which is in accordance with earlier findings. 4, 5, 16, 20, 36 Although patients with large tumor volumes were impaired in some aspects of HRQoL and neurocognitive functioning, most scores did not differ significantly from those of patients with smaller tumors. Moreover, the median total volume of brain metastases in our study was larger than described in other studies using SRT, 16, 39 suggesting that also in patients with relatively large metastatic volume, SRT is adequate to achieve maintenance of HRQoL and cognition. Although HRQoL and neurocognitive functioning may be preserved in patients with low baseline performance status, their mean scores remained lower over 6 months time compared with patients with good performance status.
Our study clearly had several limitations. First, the study population was heterogeneous in that several types of primary tumors were included. As prognosis is partly based on primary tumor histology, this may have influenced survival and functional outcomes. Due to small numbers of the different tumor types, it was not feasible to assess the effect of each tumor separately. This sample is, however, representative of brain metastatic patients undergoing SRT in a tertiary hospital. Another challenge was the level of compliance during the study period, especially with the neurocognitive assessments. Noncompliance was partly due to logistic reasons, but also to poor physical or neurological condition of the patient. Therefore, our findings might have been an underestimation of truly neurocognitive impairments. We tried to overcome this problem by fitting linear mixed models, confirming that neurocognitive functioning and HRQoL were stable over time. Moreover, the level of compliance in our sample was comparable to other studies on HRQoL 18 -20 and neurocognitive functioning 16 in radiotherapy patients. Finally, we examined effects of SRT on neurocognitive functioning and HRQoL up to 6 months, but longer follow-up periods would be informative to examine possible late effects of SRT.
To conclude, this prospective study showed that SRT is safe in terms of preservation of neurocognitive functioning and HRQoL in patients with up to 3 brain metastases. With similar OS rates as WBRT, these results suggest that SRT should be the preferred treatment. Moreover, evaluation of neurocognitive functioning and HRQoL during the disease course is essential for providing adequate information and counseling for patients with brain metastases.
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